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and all of these demonstrations are restricted in red spectral region. [ 15, 16 ] Recently, Nurmikko et al. have shown blue lasing from self-assembled fi lms of unconventional pyramid-shaped CdSe/ZnCdS QDs but with threshold ten-times higher than that of the red counterpart, [ 9 ] which might necessitate to employ costly femtosecond lasers as the pumping source. Herein, we demonstrate blue lasing (∼440 nm) in solution with such a low threshold that quasi-continuous wave (q-CW) pumping is accessible by engineering high quality CdZnS/ZnS alloyed-core/ shell QDs (alternative to the conventional CdSe-based QDs) as gain media. [ 17, 18 ] Detailed lasing characterization and analysis attribute the longitudinal laser modes to whispering gallery mode (WGM) lasing. The physical mechanism for the achievement of blue lasing from CdZnS/ZnS QDs solution with ultralow thresholds has been investigated in detail through steady state and ultrafast dynamics studies, and is attributed to the low density of defects, suppressed AR, large gain cross-section of CdZnS/ZnS QDs and the exploiting of high quality factor ( Q -factor) WGM resonators. Our results represent an important step toward the development of full-color visible lasers based on facile colloidal QDs and may revitalize optofl uidic lasers in which fl uorescent dyes with poor photo stability are usually used as gain media [ 6, 9, 14 ] as well as offering new possibilities in biophotonics, such as laser-assisted sensing since the blue lasing wavelength falls in the absorption band of most biomolecules. [ 19 ] Leveraging on the wide band gap of ZnS and CdS, the ternary CdZnS/ZnS QDs could exhibit blue emission even with a particle radius close to or larger than the corresponding exciton Bohr radius, where the nonradiative AR is not effi cient. [ 7 ] Notably, the radially graded alloy structure (schematically portrayed in Figure 1 a inset) is engineered due to the potential reduction of interface defects and suppression of AR, [ 20, 21 ] as elaborated below. Therefore, the obstacles to achieve blue lasing for CdSe-based QDs could be effectively overcome by using the CdZnS/ZnS alloyed-core/shell QDs. The CdZnS/ZnS QDs adopted here are produced through the previously reported facile one-pot method with slight modifi cation (see Experimental Section). [ 20, 22 ] By simply adjusting the quantity of sulfur precursors, the emission wavelengths of these QDs can be continuously tuned from ∼410 to ∼460 nm maintaining excellent optical properties including the strong band edge emission with narrow full-width at half maximum (FWHM) and high quantum yields. [ 20 ] Figure 1 a shows the representative steady state linear absorption and photoluminescence (PL) spectra with emission peak wavelength of 435 nm. The extreme narrow FWHM of ∼18 nm at room temperature is mainly attributed to the high composition homogeneity, the narrow size distribution and the large particle size (∼8.5 nm) of these CdZnS/ZnS QDs, Photonic devices based on semiconductor colloidal quantum dots (QDs) have attracted a great deal of attention due to the facile solution-processability, wide range spectral tunability, and potentially low and temperature-insensitive lasing threshold. [ 1, 2 ] Although white-light-emitting diodes based on colloidal QDs have been demonstrated, [ 3, 4 ] fabricating colloidal QD lasers across the full visible range is still challenging, hindered by the realization of blue QD lasers. [ 1, 5 ] On the other hand, blue lasers hold important applications ranging from the development of full-color laser displays to high-density photomemories. [ 6 ] However, generally the overwhelmingly employed CdSe-based colloidal QDs show lasing only in the green to red regime with wavelengths longer than 500 nm. [ 1, 7 ] Extending the lasing wavelength down to the blue range requires further reduction of the dot size for stronger quantum confi nement, thereby rendering the higher nonradiative Auger recombination (AR) rate and more effi cient excited carriers trapping in small-sized blueemitting QDs. [ 1, 7, 8 ] Furthermore, most of the lasing demonstrations are limited in the form of solid fi lms by taking advantage of the available high packing-density exceeding the critical value predicted by Klimov et al. [ 1, 2, 5, 7, [9] [10] [11] Whilst, lasing from a liquid medium favors the development of high power lasers for the sake of the facilities of heat dissipation [ 12 ] and the development of optofl uidic lasers [ 13, 14 ] which have great potential in biological research. However, only a limited number of studies have demonstrated lasing action from QDs in solution phase, [ 15, 16 ] determined from the transmission electron microscopy (TEM) (Figure 1 a, left inset) image, which make them fall into the weak confi nement regime. [ 20, 23 ] The narrow linewidth, together with the ZnS shell acting as the spacer-layer, could effectively suppress the undesired inter-particle nonradiative energy transfer in the QDs ensembles (see detailed experimental demonstration in the Supporting Information). [ 22 ] By virtue of the gradual composition transition from CdZnS alloyed-core into ZnS shell, [ 21, 23 ] the strain or defects in the interfaces and surfaces can be dramatically reduced, [ 20 ] leading to a high PL quantum yield of up to 80%, which is further verifi ed by the temperature dependent PL measurements. The evolution of PL spectra and the corresponding spectrally integrated PL intensities of CdZnS/ZnS QDs as a function of temperature excited at 395 nm are shown in Figure 1 b and Figure S2 . It is found that the CdZnS/ZnS QDs exhibit less than 10% thermal quenching as the temperature changes from 10 to 300 K, indicating the nonradiative recombination centers or defects, which are detrimental to achieving lasing, are minimal. [ 24, 25 ] Similar to the common binary QDs, the PL peak wavelengths of the ternary CdZnS/ZnS QDs show redshift and the FWHM broadens with increasing temperature (Figure 1 c) (see detailed discussion in the Supporting Information). [ 25, 26 ] To study the stimulated emission of the CdZnS/ZnS QDs, the prototypical self-assembled fi lm of these QDs was investigated using a stripe pumping confi guration excited at optical wavelength of 395 nm. [ 2, 9 ] Noticeably, the pulse-width of the excitation pulse is 5 ns, which is one order of magnitude longer than the biexcitonic Auger recombination lifetime (∼350 ps, shown later) of the CdZnS/ZnS QDs, thus the QDs are pumped in the q-CW regime. [ 17, 18 ] It is worth mentioning that q-CW operation is much more favorable in view of practical applications, in which the optical gain sustaining a time longer than the typically short AR lifetime is usually desired. [ 18, 27 ] On the other hand, expensive sub-picosencond pulsed lasers were extensively used as the excitation source in order to overcome the AR, [ 7, 28 ] low threshold QDs laser that is pumpable with compact Q-switched nanosecond lasers is still under exploration to reduce the cost for QDs laser technology. [ 27 ] Figure S3 presents the power dependent PL spectra from solid fi lm of these QDs. The emergence of a narrow peak with FWHM of ∼5 nm and the nonlinear dependence of the integrated PL intensity from 435 to 445 nm on the pump pulse energy indicate the achievement of stimulated emission with a quite low threshold of 22 µJ/pulse (corresponding to ∼14.7 mJ/cm 2 ). Notably, the stimulated emission peak locates on the red side (∼440 nm) of the corresponding spontaneous emission maximum, which is consistent with the biexcitonic lasing mechanism. [ 1, 29 ] Due to the double degeneracy of the lowest emission level for II-VI type-I QDs, the population inversion can only be realized when the average number of excitons per QD, <N>, is larger than one. [ 1 ] As a result, the lasing emission originates from biexciton emission, and the redshift arises from the attractive exciton-exciton interactions (positive biexciton binding energy). [ 7 ] Our pumpprobe measurements also reveal the achievement of optical gain at <N> = 1.9 (shown later), further confi rming the biexcitonic lasing mechanism.
The challenges of realizing lasing from QDs solutions lie in the typical low loading fraction of QDs in solutions [ 9, 15 ] and the photoinduced absorption associated with the surface or interface defects. [ 7, 30 ] According to the above results, it should be highly possible to address these diffi culties by employing the untraditional CdZnS/ZnS QDs as gain media because of the minimal density of defects and that the ultra-low lasing threshold from the solid fi lms suggests the possibility of achieving lasing with a low loading factor. To explore the lasing action from these CdZnS/ZnS QDs solution, fused silica hollow fi bers were employed as the resonators because the circular cross-section can naturally serve as a WGM cavity. [ 16, 31, 32 ] The CdZnS/ZnS QDs solution was infi ltrated into the fi ber by capillary effect, and then the two ends were sealed with wax. Optical study of individual fi ber was performed by employing a micro-photoluminescence (µ-PL) system ( Figure 2 , inset) . [ 33 ] The same laser (395 nm, 5 ns, 20 Hz) used for the fi lm test was employed as the pumping source. Figure 2 shows the evolution of the µ-PL spectra from a fi ber with an inner (outer) diameter of ∼54 µm (∼78 µm) ( Figure S5a ) as a function of pump pulse energy. We can see that under relatively low pump energies of <30.2 µJ/pulse, the µ-PL spectra are dominated by spontaneous emission with a FWHM of ∼18 nm. As the pump energy increases, sharp peaks appear and superimpose on the corresponding stimulated emission peaks, clearly revealing the 
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transition from spontaneous emission to lasing action. [ 2 ] The corresponding optical images are presented in Figure S4 . The plot of spectrally integrated PL intensity from 435 to 445 nm over the pump pulse energy exhibits an abrupt increase at certain points (Figure 2 inset) , indicating the achievement of lasing action with such a low threshold of 30.2 µJ/pulse (corresponding to ∼25.2 mJ/cm 2 ). The lasing threshold is two orders of magnitude lower than that of red-emitting CdSe/ZnS QDs in solution and comparable to that of red-emitting CdSe/ZnS nanorods in solution under similar excitation conditions. [ 16 ] It is worth noting that toluene rather than hexane was used as the solvent due to its high refractive index (∼1.51 at ~450 nm), [ 34 ] ensuring the total internal refl ection occurring at the interface of the inner wall as depicted in the inset of Figure 3 b. In order to better understand the lasing mechanism, we tentatively examined the lasing peaks using WGM model. [ 33, 35 ] Considering the fi rst radial mode order ( q = 1), the resonant condition is given by [ 36 ] [ 37 ] the lasing peaks are found to match well with the mode numbers indexed as 597-603, supporting the WGM lasing mechanism. Furthermore, the characteristics of lasing action were studied using fi bers with various diameters by examining the size-dependent free spectral range ( FSR ). As presented in Figure diameter. According to the 2D WGM model, the FSR is given by [ 31 ] : / 2 FSR nD λ π = , which means that FSR is theoretically inversely proportional to the inner fi ber diameter, further corroborating the WGM lasing mechanism. Thanks to the high refractive index contrast between the solution (1.56) and the glass (1.47 at 440 nm), [ 38 ] the QDs emission is strongly confi ned inside the cavity. This is supported by numerical simulation using fi nite element method (FEM) available from COMSOL multiphysics as shown in Figure 3 c. [ 31, 35 ] The electric fi eld distribution in the radial direction of WGM ( p = 1, m = 600) in a 54 µm-diameter capillary tube exhibits effective optical confi nement close to the cavity boundary. In addition, the normalized fi eld profi le across centre of the optical mode is shown in Figure 3 d, we can see that there is only a small fraction of evanescent wave coupling outside the QD-glass interface. The tiny optical loss of our structure contributes to the obtained low threshold lasing, accompanied with a high lasing Q -factor of ∼3000 (calculated by Q = λ/Δλ , [ 39 ] where λ and Δλ are the lasing peak wavelength and the corresponding linewidth of the lasing peak, respectively).
Deeper insights into the observation of lasing action from CdZnS/ZnS QDs solution could be obtained through accessing the exciton dynamics by time-resolved PL measurements. Figure 4 a presents the PL decays of CdZnS/ZnS QDs solution fi lled in 1-mm-thick cuvette recorded at the peak wavelength with varying excitation intensities (excitation wavelength: 395 nm). Under low excitation intensities (<∼85 µJ/ cm 2 ), the PL decay curves do not change with variations of excitation intensity, which is consistent with the single exciton recombination. [ 40 ] The single exciton decay can be well-fi tted by a double-exponential-decay function with τ 1 = 2.1 ns and τ 2 = 9.9 ns, which is common and mostly attributed to two different radiative channels of the core-state (the shorter lifetime component, τ 1 = 2.1 ns) and the surface-state (the longer lifetime component, τ 2 = 9.9 ns) recombination, respectively. [ 41, 42 ] As excitation intensity increases, an obvious fast decay process emerges, corresponding to the nonradiative biexcitonic AR. [ 40, 43 ] Using subtraction procedure developed by Klimov et al., [ 8 ] the AR lifetime was deduced to be ∼350 ps, which is dozens of times longer than that of blue-emitting CdSe/ZnS QDs and comparable to or even larger than those of red-emitting CdSebased QDs. [ 2, 8 ] Such a long AR lifetime of CdZnS/ZnS QDs is very benefi cial for achieving lasing and can be mainly attributed to two reasons: (i) as mentioned above, the CdZnS/ZnS QDs belong to the weak confi nement regime; therefore, the overlap between electron and hole wave functions is not as strong as in the blue-emitting CdSe/ZnS QDs -in consequence, the AR could be mitigated; and (ii) the gradual composition transition from the core to shell results in a smooth interfacial potential, which would further suppress AR as a loose potential profi le will inhibit AR by more strict momentum conservations compared to a steep interface potential existing in normal coreshell QDs. [ 21, 44, 45 ] into the fi ber was also studied. Figure 4 c displays the decay curves monitored at 440 nm for excitation intensities just below (200 µJ/cm 2 ) the lasing threshold (210 µJ/cm 2 ), where AR already occurs, and just above (215 µJ/cm 2 ) the threshold pumped by a femtosecond amplifi ed-pulsed laser (wavelength: 395 nm, pulse-width: 100 fs, repetition rate: 1000 Hz). We can come to the conclusion that although the nonradiative AR is rapid compared to spontaneous emission so as to effectively deplete the excited carrier population, the development of lasing action, whose timescale is measured to be less than 50 ps (limited by time resolution of our streak camera system), is fast enough to compete against AR. The evolution of PL dynamics under different excitation intensities can be clearly seen in Figure 4 d. At a low excitation intensity of far below threshold (12 µJ/cm 2 ), the emission follows the slow single exciton decay. Upon increasing the excitation intensity approaching the threshold (200 µJ/cm 2 ), the rapid AR manifests. As the excitation intensity further increases to just over the threshold (215 µJ/cm 2 ), an even faster decay channel, corresponding the lasing action, emerges. Finally, the emission totally collapes to <50 ps when the excitation intensity far exceeds the threshold (230 µJ/cm 2 ), indicating the dominance in the decay process by lasing action. Importantly, on the basis of the fast AR as compared to single exciton recombination, all the excited CdZnS/ZnS QDs will decay into single exciton state at long enough decay times. Consequently, the PL intensity at decay time of 1.2 ns as depicted by the vertical dashed line in Figure 4 a is proportional to 1− P 0 , where P 0 is the probability of non-excited QDs in the ensemble [ 40 ] and is described by: QDs results in an effective loading factor of only 0.079% considering the CdZnS-core size of ∼5 nm, which is much lower than the predicted minimum value (0.2%) to achieve stimulated emission or lasing for CdSe-based QDs. [ 1 ] This discrepancy may stem from the intrinsic gain property of CdZnS/ZnS QDs differing from that of CdSe/ZnS QDs. [ 15 ] To this end, pump-probe measurements were carried out to derive the gain cross-section of CdZnS/ZnS QDs. In these experiments, the time evolution of the transient absorption (Δα) is monitored by changing the delay between pump and probe beam ( Figure 5 b inset) . [ 46 ] Optical gain manifests as −Δα/α 0 >1, where α 0 is the linear absorbance at probe wavelength. [ 28 ] Figure 5 a presents the time evolution of −Δα/α 0 of CdZnS/ZnS QDs solution under various excitation intensities at the pump and probe wavelengths of 400 and 440 nm (in resonance with the lasing peaks), respectively. The optical gain can be clearly observed when excitation intensity is above 0.52 mJ/cm 2 , corresponding to <N> = ∼1.9, and could sustain as long as ∼50 ps under pumping intensity of 1.4 mJ/cm 2 . In contrast, when the probe wavelength moves away from the wavelength range of the lasing peaks, the maximal transient absorption signal, -Δα/α 0 , will saturate below 1 as depicted in Figure 5 b. Based on these results, the maximum net gain of CdZnS/ZnS QDs solution was deduced to be 0.53 cm −1 by using the relation [ 46 ] :
, where I p and I 0 are the transmitted probe beam intensity in presence of pump beam and the probe beam intensity before passing the sample, g is the net gain and d is the thickness of the sample. Therefore, the gain cross-section per CdZnS/ZnS QD is estimated to be 5 × 10 −17 cm 2 , which is ∼3-times larger than that of 2.6-nm sized CdSe QDs used for the minimum loading factor calculation, hence justifying the observation of lasing action from the dilute CdZnS/ZnS QDs solution below the predicted minimum volume fraction.
In conclusion, for the fi rst time, we have demonstrated blue liquid WGM lasing from solution of ternary CdZnS/ZnS alloyed-core/shell QDs. The low density of defects, suppressed AR, and large gain cross-section of CdZnS/ZnS QDs as well as the exploitation of high Q -factor WGM resonators enable us to observe lasing action from dilute CdZnS/ZnS QDs solution even below the predicted minimum loading fraction for CdSe-based QDs with such low thresholds that are pumpable in q-CW regime using a compact nanosecond laser. These fi ndings could offer new possibilities in blue laser related areas and push ahead toward full-color visible lasers based on colloidal QDs and may fi nd applications in biophotonics including optofl uidic lasers and sensors.
Experimental Section
Synthesis of Ternary CdZnS/ZnS Alloyed-Core/Shell QDs : Typically, cadmium oxide (CdO, 1 mmol), zinc acetate (Zn(acet) 2 , 10 mmol), and OA (7 mmol) were mixed in a 100 mL fl ask. The mixture was evacuated for 20 min and heated up to 150 °C under nitrogen condition. Then, 15 mL 1-octadecene (1-ODE) was added into the mixture and the temperature was further increased to 300 °C. Following that, the sulfur precursor obtained by dissolving S powder (2 mmol) into 3 mL 1-ODE was quickly injected into the mixture. After 8 min for the reaction at a constant temperature of 300 °C, 8 mmol S powder dissolved in TBP (TPBS) was added into the mixture. The mixture was cooled down to room temperature after the reaction ended. Finally, the QDs were purifi ed and dissolved in toluene for further experiments.
Steady State and Ultrafast Dynamics Studies: For the temperature dependent PL measurements, the CdZnS/ZnS QDs were dispersed in poly(methyl methacrylate) (PMMA) in order to avoid the possible infl uence of interdot Förster resonance energy transfer, and then were spin-coated onto a sapphire substrate. The samples were mounted in a helium closed-cycle cryostat and excited at 395 nm provided by a Xenon lamp equipped with a monochromator. The excitation intensity was kept low to avoid any extra irradiation effect. For the µ-PL measurements, the laser beam (wavelength: 395 nm, pulse-width: 5 ns, repetition rate: 20 Hz) from a wavelength-tunable nanosecond laser system was directed and focused to an elliptical spot of ∼300 × 400 µm 2 . The PL signal was collected through a microscope objective (50×, NA = 0.42). Part of the PL signal was dispersed by a 750 mm monochromator and detected by a silicon-charged coupled device (CCD), while the remanent part was sent to a camera for imaging. Suitable fi lters were used to block the residual excitation light. For the time resolved PL measurements, the CdZnS/ ZnS QDs solution in a 1-mm-thick quartz cuvette was excited at 395 nm (pulse-width: 100 fs, repetition rate: 1000 Hz) with a wavelength-tunable femtosecond amplifi ed laser system. The PL signals were recorded by an Optronics streak camera with a temporal resolution of ∼50 ps. For the pump-probe measurements, the same femtosecond laser system was employed. The CdZnS/ZnS QDs solution in a 1-mm-thick quartz cuvette was pumped at 400 nm (beam size: ∼1 mm in diameter) by frequencydoubling of the fundamental wavelength (800 nm) from the Ti:sapphire regenerative amplifi er. The probe beam (beam size: ∼0.5 mm), provided by an optical parameter amplifi er operating at a wavelength tunable from 260 to 2600 nm, was detected by a Si photodiode using standard lock-in amplifi er technique.
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